Abstract In Central Europe, salt-influenced habitats are restricted mainly to the coastlines of the North Sea and the Baltic Sea. The few natural inland salt sites suffer from size reduction and loss in biodiversity, while anthropogenic salt sites around potash mining dumps experienced recent and massive de novo colonization by numerous halophytes. Our study aimed to elucidate the general patterns of gene flow among coastal and inland salt habitats. We used amplified fragment length polymorphisms to assess the genetic diversity and genetic structure of 18 European populations of the halophyte Spergularia media (Caryophyllaceae), sampled from inland and coastal salt sites of Germany, the Netherlands, Denmark, Austria, France and Italy. Estimates of genetic diversity on the population level were generally low, especially within inland salt habitats. Analyses of molecular variance showed comparatively strong differentiation among populations. Multivariate ordination (principal coordinate analysis) and a NeighborNet analysis revealed four distinct groups of populations that showed good correspondence to their geographic origins. A Bayesian analysis performed with the program STRUCTURE as well as high pairwise U ST values supported the results of the phenetic analyses. The observed patterns of diversity and differentiation among inland populations of S. media are best explained by the isolated nature of suitable salt habitats, with concomitant reduction of gene flow to and among these sites. Our data support the hypothesis that the colonization of anthropogenic salt sites by S. media originated from natural inland habitats.
Introduction
Under the temperate and humid climatic conditions of Central Europe, salt-influenced habitats are largely restricted to a small strip of land along the coastlines of the North Sea and the Baltic Sea. These habitats are populated by highly specialized plant species that are able to survive under high-salt conditions in the soil, so-called halophytes. A few isolated salt sites also exist further inland, e.g., in the surroundings of natural salty springs. They usually accommodate a subset of the same halophytic species that are also found along the coasts. Because of their floristic peculiarity, Brandes (1999) referred to these inland salt sites as the ''inselbergs of Central Europe''. However, these remarkable habitats have become seriously endangered by species loss as well as by the ongoing reduction and fragmentation of their once larger areas (Westhus et al. As a consequence of human potash mining activities since the middle of the nineteenth century, new salt-influenced inland habitats have developed in the immediate vicinity of the numerous Central European potash mining dumps. These purely anthropogenic habitats have been colonized by halophytes only recently, but then at a rapid pace (Guder et al. 1998; Garve 1999b; Garve and Garve 2000; John 2000) . Presently, potash mining dumps are home to large populations of various halophytic species that are highly endangered or even in risk of extinction in their natural inland salt habitats. Some authors even considered anthropogenic salt sites as potential retreat areas that could serve as stepping stones for the (re)colonization of natural inland salt sites (Westhus et al. 1997; Krüger et al. 2002; Brock et al. 2007 ). However, halophyte communities at both types of inland salt habitat have probably experienced genetic drift, which is often accompanied by low levels of genetic diversity (Lienert 2004; Novak and Mack 2005; Prinz et al. 2009 ).
Floristics and vegetation of inland salt sites in Central Europe have been the subject of numerous publications (e.g., Vollrath and Bönsel 1995; Westhus et al. 1997; Guder et al. 1998; Garve 1999a, b; Garve and Garve 2000) . However, still little is known about migration patterns and the timing of colonization of these sites by halophytic plants, and there is an ongoing controversial discussion on these issues. For example, Brandes (1999) postulated a continental or Mediterranean origin for Atriplex tatarica, Kochia densiflora, Gypsophila perfoliata, G. scorzonerifolia and Hymenolobus procumbens, whereas inland populations of Suaeda maritima, Salicornia ramosissima and Spergularia marina were assumed to originate from the coasts of the North Sea and the Baltic Sea. On the contrary, Garve (1999a) hypothesized that Suaeda maritima, Gypsophila scorzonerifolia and other halophytes currently found around mining dumps in Lower Saxony might have immigrated from other inland salt sites further east. Careful population genetic and biogeographic analyses could help to resolve these controversies. However, only a handful of studies so far addressed issues like genetic diversity, gene flow and genetic structure of coastal and inland halophyte populations by means of molecular markers (e.g., Krüger et al. 2002; Brock et al. 2007; Lambracht et al. 2007; Prinz et al. 2009 ).
Spergularia media (Caryophyllaceae) is a small perennial halophytic herb that grows on saline, mostly wet substrates in coastal and continental areas of western Eurasia (Hegi 1965) . It is a common element of coastal salt meadows, but is also present around natural inland salt springs. The species was first recorded from the surroundings of potash mining dumps in the Alsace in the mid-1950s (Simon 1958), followed by records from BadenWürttemberg in 1978 (Plieninger 1992) and from Lower Saxony, Hesse, Saxony-Anhalt and Thuringia in 1993 (Garve and Garve 2000) . Presently, S. media is known from about 70% of all anthropogenic inland salt sites in Central Europe (Garve and Garve 2000) . The species is usually pollinated by insects, but is also known to be selffertile. Its small, winged seeds are dispersed by wind, water or by attachment to animals (Hegi 1965; Huiskes et al. 1995) .
We consider S. media to be a suitable model species for examining the biogeography and population genetics of halophytes at natural and anthropogenic inland salt sites of Central Europe. Here we present a genetic analysis based on amplified fragment length polymorphisms (AFLP, Vos et al. 1995) that addresses the following questions: (1) How is genetic variation distributed among and within populations of S. media, and is genetic diversity of inland populations lower as compared to that of coastal populations? (2) Can putative source populations of the anthropogenic inland salt sites be identified?
Materials and methods

Plant material and DNA isolation
Leaves of individual S. media plants were collected from 18 populations of different European coastal and inland habitats. About 15 plants per population were sampled in Germany and the Netherlands whereas populations from Austria, Denmark, France and Italy were represented by three to ten individuals per locality (Fig. 1, Table 1 ). Leaves were preserved and stored in NaCl-saturated CTAB solution (cetyltrimethylammonium bromide; Rogstad 1992). DNA was extracted by a modified CTAB method (Doyle and Doyle 1987) . Final DNA concentrations were determined electrophoretically, with known amounts of phage k-DNA used as standard.
AFLP analysis
The AFLP protocol followed the method of Bänfer et al. (2004) , with some modifications. Approximately 250 ng of total genomic DNA were double-digested with HindIII and MseI at 37°C for 15 h, and the resulting restriction fragments were ligated to HindIII and MseI adapters in the same reaction. The restriction/ligation assay contained 2.5 U each of HindIII and MseI enzyme, 0.1 U T4-DNA ligase, 0.01 lM HindIII-adapter, 0.1 lM MseI-adapter, 10 mM Tris-HCl (pH 8.4), 10 mM magnesium acetate, 50 mM potassium acetate, 5 mM DTT and 0.2 mM ATP in a final volume of 30 ll. Five microliters of the restriction-ligation mixture were used as template for pre-selective PCR with two different combinations of primers, each containing one selective nucleotide at its 3 0 -end (0.3 lM HindIII ? A combined with 0.5 lM MseI ? A or MseI ? C primer). The reaction mix also contained 1.5 mM MgCl 2 , 0.2 mM of each dNTP, 20 mM Tris-HCl (pH 8.4), 50 mM KCl and 0.02 U Taq DNA polymerase (Mango-Taq DNA-Polymerase, Bioline) in a total volume of 50 ll. Pre-selective PCR was performed in a T-Gradient Cycler (Biometra) under the following temperature regime: one cycle at 94°C for 2 min, followed by 19 cycles at 94°C for 30 s, 60°C for 30 s and 72°C for 1 min. Final extension was at 72°C for 7 min. Selective PCRs were then performed with 2.5 ll of a 1:10 diluted pre-amplification mixture and various combinations of an unlabeled MseI ? 3 primer (0.6 lM) and a fluorescence-labeled HindIII ? 3 primer (0.075 lM IRD700, 0.095 lM IRD800; Table 2 ). Each 10 ll-assay also contained 0.3% Triton X-100, 0.1 mM MgCl 2 , 0.2 mM of each dNTP, 20 mM Tris-HCl (pH 8.4), 50 mM KCl and 0.025 U Taq DNA polymerase (Mango-Taq DNAPolymerase, Bioline). A touchdown PCR program was followed for 47 cycles, each consisting of 94°C for 30 s, 65-56°C for 30 s, and 72°C for 1 min. Starting at 65°C, the annealing temperature was reduced by 0.7°C in each cycle, and kept at 56°C for the last 35 cycles. Final extension was at 72°C for 6 min.
AFLP products from two primer combinations labeled with different fluorescent dyes (IRD700, IRD800) were mixed with each other and with an equal volume of loading buffer containing 98% (v/v) formamide, denatured at 80°C for 5 min, and then separated by electrophoresis on denaturing 6% polyacrylamide gels (Sequagel XR; National Diagnostics, Atlanta, Ga.). Gels were run in 19 TBE buffer (Tris-borate-EDTA) on an automated sequencer Data analysis AFLP banding patterns were evaluated manually by assigning to each band in a particular position one of three states: present (1), absent (0) or ambiguous (4). Bands that were unequivocally interpretable as either present or absent were assembled to generate a binary (1/0) matrix. Fragments of equal size were generally considered as being homologous to each other, irrespective of their relative intensities. All bands were assumed to represent independent loci. Randomly chosen samples were used to test the reproducibility of each of the steps of the AFLP procedure including band scoring.
The computer package ARLEQUIN ver 3.1 (Excoffier and Schneider 2006 ) was used to estimate average gene diversity values over all loci. An analysis of variance (ANOVA, post-hoc: Tukey test) was performed using PRISM 5 for Windows, ver. 5.01 (1992 to compare the results obtained for different types of salt habitat: (i) German natural and (ii) anthropogenic inland salt sites, (iii) natural inland habitats in Austria, coastal salt sites of the (iv) North and (v) Baltic Seas as well as (vi) the English Channel and (vii) the Mediterranean Sea (see. Fig. 1 , Table 1 ). The NTSYSpc ver. 2.1 program package (Rohlf 2000) was used to perform principal coordinate analyses (PCoA) based on a square-root transformed distance matrix calculated with the index of Bray and Curtis (1957) . A Nei-Li distance matrix (1979) was generated using TREECON ver. 1.3b ( Van de Peer and De Wachter 1994) , and was exported to SPLITSTREE ver. 4.9.1 (Huson and Bryant 2006) . The latter program allows the user to explore the relationships indicated by a distance matrix using the NeighborNet algorithm (Bryant and Moulton 2004) .
A Bayesian clustering approach implemented in the program STRUCTURE ver. 2.2 (Pritchard et al. 2007 ) was utilized to infer population structure. According to the dominant character of AFLP markers, the second allele of all markers was entered as missing, and each band was thus treated as a haploid allele. An admixture model was applied, and the most likely number of populations or groups of populations (K) was estimated with 10 replicates each for K = 1 to K = 15 using 5 9 10 4 iterations, with a burn-in period of 10 4 iterations. The best estimated K was defined by the model giving the highest probability (Ln P(D)) with lowest deviation. The number of estimated populations or groups of populations (K) does not necessarily equal the number of real populations or groups of them.
To assess the extent of genetic differentiation among populations or assumed groups of populations, pairwise distances (U ST values) were calculated according to Weir and Cockerham (1984) , and hierarchical analyses of molecular variance (AMOVA, Excoffier et al. 1992) were carried out in ARLEQUIN (ver 3.1, Excoffier and Schneider 2006) . Correlations between genetic distances (pairwise U ST values) and geographical distances between populations were assessed with a Mantel test (Mantel 1967) , also using ARLEQUIN (ver. 3.1). All significance levels were calculated on the basis of 1000 permutations.
Results
Nine primer combinations yielded in 242 unequivocally scorable und reproducible AFLP bands (13-41 per primer pair) among 179 individuals of S. media from 18 European populations. Sizes of the scored fragments ranged between 61 and 480 bp. Two band positions were excluded from the analysis due to ambiguous or missing data in more than 10% of all samples. Only 118 bands (49%) were polymorphic, and were included in the analysis (Table 2) .
Genetic diversity within populations was generally low and ranged from 0.038 for the Mediterranean population Marina de Pisa (Italy) to 0.165 for Aggersund from the Danish North Sea coast (Table 1) . Coastal populations of the North Sea and the Baltic Sea including the English Channel showed significantly higher values (0.113-0.165) as compared to the anthropogenic and natural inland salt sites (0.047-0.131, ANOVA: P \ 0.05). Low values were also found in the two Italian populations (0.038 and 0.056). No significant difference was observed between natural and anthropogenic inland populations (P [ 0.05), but genetic diversity values tended to be slightly higher in the Austrian populations as compared to the German inland populations.
In the PCoA (Fig. 2) , the first two axes explained approximately 45% of the overall genetic variability. Four The Bayesian analysis of population structure detected seven groups (K = 7) when choosing the highest absolute probability (Ln P(D)). The lowest standard deviation calculated from 10 iterations for each K was nevertheless found for K = 5 (see Online Resource, ESM 2). The analysis based on K = 5 revealed five groups, comprising all inland populations from Central Germany (1-3 and 5-7 in Table 1 ), the single anthropogenic inland population from Southwest Germany (Buggingen) plus the three Austrian inland populations (4, 16-18), the coastal populations from Germany and the Netherlands (8 and 9), the coastal populations from Denmark (10-12), and those from France and Italy (13-15), respectively. If K = 7 is chosen, basically the same groups were obtained as suggested by the NeighborNet analysis (see Online Resources, ESM 1 and ESM 2).
The AFLP data were also subjected to several AMOVAs, assuming either no grouping among populations or five or seven groups of populations as suggested by the STRUCTURE analyses (Table 3) . Under all three assumptions, a considerable percentage of the total variation occurred at the level of populations and/or groups. For example, the AMOVA based on K = 5 explained almost one-third (31%) of the total variation among five groups of populations, and the AMOVA based on K = 7 explained 38% of the total variation among seven groups. When no grouping was assumed, the percentages of within-population variability and among-population variability were almost balanced (49 vs. 51%, Table 3 ). Genetic differentiation between populations as indicated by pairwise U ST values ranged from 0.070 (populations 17 and 18, 4.5 km apart) to 0.818 (populations 14 and 16, 686 km apart; Table 4 , details not shown). Differentiation values \0.3 were assessed only in 14 out of 171 comparisons. Mean pairwise U ST values between groups of populations ranged from 0.300 to 0.470 (for K = 5) and from 0.239 to 0.676 (for K = 7, Table 4 ). The lowest differentiation between groups (U ST = 0.239) was observed by comparing the coastal populations of Germany/the Netherlands with those of Denmark. The Mantel test yielded a correlation coefficient of r = 0.413 (P B 0.001, data not shown), suggesting a significant correlation of genetic (mean pairwise U ST values) and geographic distances among populations.
Discussion
Genetic diversity and genetic structure of inland versus coastal populations Genetic variation among S. media plants sampled across a relatively large geographic area (Fig. 1) proved to be low, as was illustrated by a maximum within-population gene diversity value of 0.143 (Table 1) and a large proportion (almost 50%) of AFLP bands that were monomorphic across all samples (Table 2 ). Low to moderate values of average gene diversity within populations were also found in other marker-based studies on Central European halophytes, such as Suaeda maritima (AFLP: 0.011-0.175, Furthermore, a considerable degree of genetic differentiation between populations and between groups of populations was revealed by the AMOVAs (Table 3) as well as by pairwise U ST values (Table 4) . Reduced levels of genetic variability in conjunction with a high degree of genetic differentiation among populations are typically found in plant species with a selfing or mixed mating system (Hamrick and Godt 1996; Reed and Frankham 2003; Nybom 2004; Hensen et al. 2009 ), suggesting that selfing could be the main reproduction mode of S. media. Alternatively, the observed patterns could also be a consequence of genetic bottlenecks caused by repeated postglacial colonization and retreat, as was reported for several halophytes that had been analyzed across their entire European range (Kadereit et al. 2005; Jakob et al. 2007) .
With a few exceptions (see below), inland populations of S. media were less diverse than coastal populations (Table 1 ). This could be explained by various factors, including limited gene flow to isolated inland areas, small population size, genetic bottlenecks and founder effects. Coastal habitats are usually linear, but also large and continuous, in strong contrast to the small, fragmented and Table 4 Mean pairwise genetic distances (U ST ) between groups of S. media populations defined by STRUCTURE for K = 5 and K = 7 (* P \ 0.001) isolated inland salt sites that are more likely the subject of genetic drift (Van Rossum et al. 2004; Vandepitte et al. 2007) . Accordingly, the lowest pairwise U ST values were observed among the coastal populations of the North Sea and the Baltic Sea (0.239, Table 4 ). The moderate gene flow along the coastline is likely due to the high dispersability of S. media seeds by wind, water, and especially waterfowl (Hegi 1965; Huiskes et al. 1995) , whereas gene flow among the highly fragmented inland populations seems to be much less effective (U ST [ 0.3 in all pairwise comparisons). We assume that genetic diversity within the presumably old, but small halophyte populations of natural inland salt sites could have been decreased by genetic bottlenecks, whereas the relatively young populations in anthropogenic inland salt habitats might have experienced founder effects. Both types of events are often accompanied by a negative impact on viability and fitness (e.g., England et al. 2002; Vergeer et al. 2003; Hensen and Oberprieler 2005) . We currently investigate the relative fitness of inland versus coastal individuals by transplantation and common garden experiments, but no conclusive results have been obtained yet. No significant differences in genetic diversity were found by comparing natural versus anthropogenic inland populations in Central Germany (Table 1) . Similar observations were previously reported for Central European inland populations of three other halophytic species, i.e., Suaeda maritima (Prinz et al. 2009 ), Salicornia ramosissima and Aster tripolium (Krüger et al. 2002) . A somewhat exceptional behavior was shown by the two populations from the Mediterranean coast of Italy, which exhibited very low diversity values (0.038 and 0.056, Table 1 ). While these results must be treated with caution due to small sample sizes, they could also be the result of the scarcity and insular distribution of suitable habitats for S. media along this coastal region. The highest diversity values among any of the inland populations were found in two of the three investigated populations from the Neusiedler See in Austria (0.102 and 0.131; Table 1 ). This observation was even more pronounced in an ongoing study based on microsatellites (K Prinz, unpublished), and could perhaps be explained by the geographical proximity of these sites to the Pannonian lowland that offers suitable habitats with high connectivity for continentally distributed halophytic species.
All types of analyses indicate a marked correlation between genetic and geographic distances. Thus, coastal populations from France, Italy, Denmark and Germany/the Netherlands were clearly separated from each other (and from the inland populations) in the NeighborNet tree (Online Resource, ESM 1) and in the Bayesian analyses (Online Resource, ESM 2). The only notable exception are the populations from the German Baltic Sea coast and from the Dutch North Sea coast, which together form a closely related genetic group, despite a considerable geographic distance. This may indicate the strong gene flow mainly by birds among the continuous salt meadows along the Central European coastline. The isolation-by-distance observed in most of the comparisons may have historic causes. Thus, many halophytic species probably survived the glaciations of the Pleistocene in refugia along the Mediterranean coast, and our Italian S. media plants could well be derived from such refugia (Clausing et al. 2000; Kadereit et al. 2005; Arafeh and Kadereit 2006; Lambracht et al. 2007 ). However, a more dense sampling strategy will have to be applied for reconstructing the postglacial history of S. media.
Colonization of anthropogenic habitats
Still little is known about the general patterns of colonization of the vicinity of potash mining dumps, and only few population genetic investigations have yet been dedicated to inland halophytes of Central Germany (Krüger et al. 2002; Brock et al. 2007; Lambracht et al. 2007; Prinz et al. 2009 ). Possible origins of the colonizers were either not examined, or remained elusive in any of these studies, and this failure was often attributed to an inadequate sampling. In the present study, mean genetic distances between inland and coastal populations of Central Europe were clearly higher than those between natural and anthropogenic inland salt sites. Moreover, individuals from Central German natural and anthropogenic salt sites grouped closely together in the NeighborNet tree (see Online Resource, ESM 1). Taken together, these observations suggest that the recently founded anthropogenic S. media populations in Central Germany could have originated from natural inland salt sites rather than from the coasts. Our results on the genetic structure of S. media are in concordance with Garve (1999a) , who postulated colonization of German anthropogenic salt sites from east to west, based on sporadic records of various halophytic species in the 1960s and 1970s (John and Zenker 1978; Rauschert 1979) . Spergularia media has occasionally been recorded from Central Germany since at least the 1960s, but the almost ''explosive'' colonization of potash mining dumps by the species only occurred in the 1990s (Garve and Garve 2000; John 2000) .
The colonization history seems to have been different in southern Germany and the Alsace. Spergularia media has been recorded from the vicinity of potash mining dumps in the Alsace since the mid-1950 s and from Buggingen (SW Germany) since 1978 (Garve and Garve 2000) . The results from the NeighborNet and STRUCTURE analyses indicate a close relationship between the populations from Austria and the Alsace, suggesting colonization from Austria. As already mentioned by Aellen (1958) , the colonization of the anthropogenic salt habitats of the Alsatian region by halophytes could be explained by transcontinental bird migration, whereas additional kinds of vectors such as wind or humans may have played a more important role for the Central German salt sites (Guder et al. 1998 ).
Conclusions
The observed patterns of diversity and differentiation among inland populations of S. media are best explained by the isolated nature of suitable inland salt habitats with concomitant reduction of gene flow to and among these sites. Furthermore, we found indications that the colonization of anthropogenic salt sites by S. media originated from natural inland habitats. Further investigations on the dispersal ecology of halophytes as well as the use of more variable molecular markers (e.g., nuclear microsatellites) in combination with an extended sampling design will be required to get a more general view of the striking colonization history of these sites.
